Introduction
Stainless steels are corrosion-resistant ferrous metals due to the thin, protective film formed on its surface, a combination of iron and chromium compounds. The film being passive protects the steel from corrosion coupled with the property of self-healing. The presence of chromium within the steel microstructure significantly enhances their corrosion resistance. Research by Hashimoto et al. [1] showed that the protective film consists of chromium oxy-hydroxide. Its durability with respect to corrosion resistance depends on the percentage content of chromium and other alloying elements responsible for its stainless metallurgical structure. As a result chromium-nickel stainless steels are currently the E-mail: tolu.loto@gmail.com most extensively applied materials in corrosive environments both at ambient and elevated temperatures, however they are prone to localized corrosion such as pitting in the presence of chloride or other aggressive anions [2] [3] [4] [5] . Pitting corrosion is one of the most major causes of deterioration of stainless steel in petrochemical industries [6] . The petrochemical industry coupled with its difficult production operations experiences huge corrosion problems. Corrosion, the degradation of a metal or alloy and its inherent properties, destroys most parts/component at every stage within the industry [7, 8] . The major causes of corrosion in the oil industry are chlorides, carbon dioxide, ammonia, hydrogen chloride, sulfuric acid, hydrogen, sulphur, etc. Within the industry corrosion in crude distillation overhead systems is a recurrent problem in refineries due to the presence of acid which attacks component structures. Under-deposit corrosion and fouling from acid neutralization and desalter operations is also responsible for component deterioration and breakdown. In the crude overhead systems the corrosion is due to the presence of HCl acid vapor present from hydrolysis of salts in the atmospheric crude distillation unit. The major source of HCl is the hydrolysis of calcium and magnesium chloride salts at temperatures 121 • C and the decomposition of organic chloride compounds [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . HCl is generally the most complex acid to control from the corrosive point of view. It requires extraordinary precaution during its use and in the selection of materials to contain the acid. It is highly corrosive to most of the common metals and alloys [19] . HCl moves into the crude unit overhead condensing systems where it is readily absorbed into condensing water.
Some HCl boils overhead in the fractionating column and dissolves in the water as it precipitates in the condenser. The resulting low pH water, being very corrosive causes frequent overhead condenser tube failures. Hydrogen chloride also condenses in the heat exchanger in the atmospheric fractionating column overhead forming highly corrosive hydrochloric acid [20, 21] . Other acids such as sulfur-oxide compounds and organic acids contribute to corrosion in addition to conditions that upsets the process conditions resulting higher acid content which causes the dissolution of protective iron sulfide/hydroxide scales [17] .
At present the cost of corrosion is estimated on the order of 3-4% of gross domestic product (GDP) of developed countries necessitating so many studies on it and the development of corrosion resistant alloy materials to reduce its impact and consequences [21, 22] . Duplex stainless steels are the steels developed with high strength and chloride stress corrosion cracking resistance in aggressive environments. It has high chromium content with other alloying elements which provides good resistance to localized and general corrosion coupled good fatigue strength, pitting formation resistance, good machinability and weldability. The steel consists of balanced ferrite and austenite phases coupled with versatile applications where good corrosion resistance and mechanical properties are required. They are used in biodiesel and ethanol plants and tanks, waste water handling systems, ethanol production components, desalination system chambers and evaporators, chemical processing, pressure vessels, piping, heat exchangers, etc. It is highly suitable for service in environments containing chlorides and hydrogen sulfide, such as marine applications and the oil and gas extraction and processing industries and mining industries [23, 24] . Martensitic stainless steels are general-purpose steels containing chromium, which provide good corrosion resistance properties. They are generally used for applications involving mild corrosion, heat resistance; adequate ductility, toughness and high strength such as in are used in various industries such as in chemical plants, power generation equipments in gas turbines and compressor blades and discs, aircraft engine components and fittings in marine components [25] . Numerous researches have been done to evaluate the corrosion resistance and susceptibility of duplex and martensitic stainless steel in corrosive environments. Souto et al. [26] studied the passivation and the resistance to pitting corrosion of duplex stainless steel in neutral and alkaline buffered solutions, with and without chloride ions. The presence of NaCl enhanced the metal's electrodissolution through the passive layer. Antony et al. [27] showed the aggressiveness of sulphate-reducing bacteria in a marine environment, which plays an important role in the corrosion of duplex. Jeffrey et al. [28] compared the corrosion behaviour of 2205 duplex stainless steel with AISI type 316L stainless steel in NaCl solution. Results show that 2205 has a longer passivation range and higher corrosion resistance than 316L. Siow et al. [29] studied the pitting corrosion of SAF2507, SAF2205 and SAF2304 duplex stainless steels by electrochemical tests and concluded that SAF2507 had the highest pitting corrosion resistance followed by SAF2205. Hussain and Robinson [30] studied the erosion-corrosion of 2205 duplex stainless steel in flowing seawater containing sand particles. Results showed that the highest erosion-corrosion rate occurred in the stagnation region, immediately beneath the jet, where sand particles impacted the surface. Wang et al. [31] showed that chloride ions had a strong effect on the nano-mechanical parameters of the corroded surface layer of 00Cr22Ni5Mo3N duplex stainless under cavitation in chloride solutions. Prawoto et al. [32] studied the effect of pH and chloride concentration on corrosion behaviour of duplex stainless steel UNSS32205 and concluded that decrease in pH and increase in temperature increases the corrosion rate of the steel at different solutions with different temperatures and periods of immersion with the pitting corrosion preferentially attacking the austenite phase of the steel. The corrosion of DIN 1.4035 martensitic stainless steel DIN 1.4035 in ethanol-containing gasoline mixtures with chloride and acetic acid concentrations was studied by Jörg and Sannakaisa [33] at room temperature. Pitting corrosion was detected at extremely low chloride-concentrations which propagated with increase in chloride concentration. Kimura et al. [34] studied the corrosion resistance of martensitic stainless steel OCTG was studied at a high CO 2 and simulated acidizing condition. No localized corrosion was observed during the exposure hours. The pitting corrosion resistance of 16Cr-2 Ni steels after austenitizing at various temperatures followed by double tempering was studied by Rajasekhar and Reddy [35] . The results show that double austenitization followed by double tempering resulted high pitting corrosion resistance as compared to single austenitization temperatures. The electrochemical corrosion behaviour of martensitic-austenitic stainless steel was investigated in 0.5, 1, 3 and 5 wt.% HCl solutions. Results show that the increase of acid concentration shifts the corrosion potential to more negative values and increasing the corrosion current and pitting corrosion was observed [36] . This research aims to study and compare the electrochemical corrosion behaviour of S32101 duplex stainless steel and 410 martensitic stainless steel specific concentrations of HCl acid for application in crude distillation overhead systems in petrochemical refinery.
2.
Materials and methods 
Material

Acid test solution
Specific concentrations (1-6 M) of dilute HCl acid solution were prepared by dilution of an analytical grade of the (37%) with distilled water and used as the corrosive test environment to simulate the condition in the crude distillation overhead systems of oil refineries.
Preparation of mild steel samples
The stainless steels were machined into 6 test samples each for both steels. The average length of the duplex steel is 7 mm while the martensitic steel is 10 mm. The two exposed surface ends of the steel samples were metallographically prepared with silicon carbide abrasive papers of 80, 120, 220, 800 and 1000 grits before being polished with 6 m diamond liquid, rinsed with distilled water and acetone, dried and later stored in a desiccator for weight-loss analysis and potentiodynamic polarization resistance technique in accordance with ASTM G1-03(2011) [37] .
Weight-loss analysis
Weighed steel samples were individually immersed fully into 200 mL of the dilute HCl acid media for 432 h at ambient temperature of 25 • C [38] . Each sample was removed from the solution at 24 h interval, rinsed with distilled water and acetone, dried and re-weighed according to ASTM G31-12a [39] . Graphical illustrations of corrosion rate, (mm/y) versus exposure time T were plotted from the data obtained during the exposure hours. The corrosion rate (), mm/y calculation is defined as [40] . where w is the weight loss in mg, D is the density in g/cm 3 , A is the total area in cm 2 and 87.6 is a constant.
Potentiodynamic polarization technique
Potentiodynamic polarization test was performed with the two different cylindrical stainless steel electrodes mounted in acrylic resin with an unconcealed surface area of 154 mm 2 .
The steel electrode was prepared according to ASTM G59-97(2014) [41] . The studies were performed at 25 • C ambient temperature with Digi-Ivy 2300 potentiostat and electrode cell containing 200 mL of the acid media. Platinum was used as the counter electrode and silver chloride electrode (Ag/AgCl) was employed as the reference electrode. Potentiodynamic measurement was performed from −1.5 V to +1.5 V at a scan rate of 0.0016 V/s according to ASTM G102-89(2015) [42] . The corrosion current density (j corr ) and corrosion potential (E corr ) were calculated from the Tafel plots of potential versus log current. The corrosion rate () and the percentage inhibition efficiency ( 2 ) were from Eq. (2).
where j corr is the current density in A/cm 2 , D is the density in g/cm 3 ; E q is the specimen equivalent weight in grams. 0.00327 is a constant for corrosion rate calculation in mm/y [43, 44] .
Scanning electron microscopy and energy dispersive spectroscopy
The electron micrographs of surface topography of the uninhibited and inhibited stainless steel surfaces were obtained and studied after weight-loss analysis with the aid of PhenomWorld scanning electron microscope.
3.
Results and discussion
Weight-loss measurements
Data obtained from weight loss measurement for weight loss (w) and corrosion rate () for DSS and MSS in HCl acids are shown in Tables 1 and 2 . Fig. 3a and b shows the plot of corrosion rate against immersion time in the acid media for the two steels. Both steel samples corroded in varying degree in the acid media. The steel being ferrous alloys spontaneously reacts with HCl acid resulting in hydrogen evolution and oxidation reactions causing the release of Fe 2+ ions into the solution as described by the following equation of reaction;
The electrochemical reaction consist of two separate processes (a) Metal (anodic) dissolution process This is the oxidation of the metal which involves the generation of metallic ions which passes into the solution and the release of electrons according to Eq. (4).
(b) Hydrogen evolution reaction This is the cathodic process involving the reduction of protons.
(c) Oxygen reduction reaction. The acid solution being diluted in H 2 O, oxygen is present in dissolved amount which is reduced during the corrosion process according to Eq. (6).
The reaction occurs at different locations on the steel surfaces especially sites or regions of flaws, non-metallic inclusions, defects, etc. Observation of Table 1 shows a gradual increase in corrosion rate for DSS samples with increase in HCl acid concentration; however the corrosion rate values are generally insignificant from the perspective of alloy degradation as DSS proves to be strongly resistant to corrosion especially the electrochemical action of chloride ions responsible for general and localized corrosion reactions. The corrosion behaviour of the DSS samples in 1-6 M HCl acid concentration are clearly distinct in Fig. 3a , the DSS sample in 6 M and 5 M HCl acid had the highest corrosion rate consecutively throughout the exposure hours; however, the corrosion rate decreased significantly with time due to the strong resilient passive film which reforms on the steel surface and slowed down the corrosion reactions. The corrosion rate from 1 M to 4 M remained generally constant throughout with DSS samples in 1-2 M HCl acid exhibiting the lowest corrosion rates. Their corrosion rates are generally insignificant and the steel samples were relatively corrosion resistant and electrochemically stable throughout.
Observation of the graphical plot in Fig. 3b shows the corrosion behaviour of MSS in HCl which is slightly similar to DSS. The corrosion rates of MSS samples in 4-6 M HCl acid concentration decreased significantly during the exposure hours while the corrosion rates of samples in 1-3 M HCl acid concentration remained generally the same throughout in the acid solution; however the MSS sample in 1 M HCl acid had the lowest corrosion rate. The corrosion rate values of MSS samples are significantly higher than the values for DSS samples on comparison of the values from Tables 1 and 2 despite their similar electrochemical behaviour in HCl.
Increasing in chloride content due to increase in concentration of the acid solution did not result in significant decrease in the strength of the passive film as the metal electro-dissolution did not dominate the corrosion reaction mechanism though this was observed for MSS samples, but DSS samples proved the opposite due to their very low corrosion rate which at some concentration was very insignificant. Previous research concludes that chloride ions penetrate through the passive films of stainless steel with appreciable chromium content, and upon reaching the metal/film interface, results in film breakdown [44] [45] [46] [47] [48] , but DSS samples demonstrates strong resistance to general corrosion and hence electrochemical deterioration due to chloride ions. The corrosion resistance of DSS samples is due to the presence of chromium oxides within the protective film as a result of its higher chromium content when compared to MSS. It is believed that the chromium content caused the formation of insoluble Cr 2 O 3 , which hindered the deterioration of the alloy [49] .
Potentiodynamic polarization test
The potentiodynamic polarization behaviour of DSS and MSS samples in HCl acid concentrations is presented in Figs. 4 and 5 . Tables 3 and 4 show the results obtained from the anodic and cathodic polarization scans. Observation of Table 3 shows the remarkable difference in corrosion rate values between DSS samples for 1-2 M and 3-6 M HCl concentrations for which there was a significant increase in corrosion rate with respect to increase in HCl acid concentrations. The stainless steel being heterogeneous in nature from observation of EDS micrographs (Figs. 1 and 2 ) has specific sites on its surface which are oxidized in the acid solution possibly causing the formation of porous oxides and pits due to the depassivation effect in iron dissolution within the alloy substrate or breakdown of passivity on the stainless steel. The increased presence of corrosive ions within the acid solution accelerated the corrosion rate after 2 M HCl concentration causing the formation of pores and channels within the oxide layer which lead to further corrosion. Metallic corrosion is complex and non-homogeneous due to the presence of numerous anodic and cathodic reaction cells. The presence of chloride ions significantly influence the corrosion behaviour of the steel due to their ability to penetrate easily into the protective oxide film, thereby breaking its passivity under induced potential which creates a high electric field across this film during potentiostatic scanning, however the corrosion rates of DSS samples are relatively low [50] . The samples displayed similar electrochemical behaviour over the potential domain from observation of the polarization plot in Fig. 4 and the anodic/cathodic Tafel constants in Table 3 . The anodic and cathodic reaction mechanisms remained generally the same at all HCl concentrations. Increase in corrosion current density observed on the plot is as a result of active metal dissolution reaction of the passive film and minimal pit initiation. DSS did not display any passivation behaviour related to pitting corrosion resistance in the polarization plot though this has minor effect on its general corrosion behaviour. The alloy remained active over the potential range and shows little passivity from observation of its corrosion potentials which remained generally the same [51] . The cathodic and Tafel constants in Table 3 did not show any usual activity, but there seems to be a consistent interaction between the anodic and cathodic potentials of the corrosion mechanism at all HCl concentrations. The corrosion majorly responsible seems to general corrosion over the entire alloy surface. The presence of ferrite in DSS is responsible for the refined grain of both the austenite and the ferrite phases in DSS, and is suggested to be less resistant to pitting corrosion [52, 6] . There are circumstances in which different phase transformations such as those responsible for the sigma phase do occur, which make the steel susceptible to localized corrosion. The relatively low corrosion rate of DSS when compared to MSS (Table 4) shows that most of its alloying elements are less noble than the iron metal substrate, thus they tend to dissolve sacrificially during polarization. The products of the electrochemical process are responsible for the protective film resistant to corrosion as it limits the diffusion of corrosive ions from the electrolyte to the metal surface [2, 53] .
The corrosion behaviour of MSS observed on the polarization plot in Fig. 5 significantly contrasts the behaviour of DSS samples in addition to its significantly higher corrosion rates. Active competition between the anodic and cathodic reaction mechanisms is clearly visible from observation of the anodic/cathodic Tafel constants in Table 4 at all HCl concentrations. At 1-2 M HCl acid concentration cathodic polarization (involving oxygen reduction and hydrogen evolution reactions) dominated the redox corrosion processes from observation of the corrosion potentials after which anodic polarization (alloy dissolution) dominated till 6 M HCl acid concentration. Though the MSS samples showed active corrosion above 1 M HCl acid concentration, the steel samples displayed strong resistance to localized corrosion reactions i.e. pitting due to the passive behaviour shown in the polarization plot. Its metallurgical structure and chromium content enhanced the steel passivation through the formation of Fe-Cr oxychloride salt films at the interface of the alloy under which passive films are formed. The change at the metal/solution interface from active deterioration to the passive state generally started about at 0.220 V till about 1.330 V for all MSS samples (Fig. 5) after which the alloy transits to the transpassive region in the polarization plot within the potential range of 1.180-1.340 V before completely failing at 1.500 V which corresponds to a current density range of 0.000873-0.00678 A/cm 2 .
Increase in HCl concentration did not cause any significant decrease in the potential range for passivity for MSS as the metal electro-dissolution process was hindered. This is confirmed from the corrosion rate and corrosion potential values which showed active passive electrochemical behaviour, thus MSS displayed strong resistance to localized and general corrosion as it delayed the formation of pits and specimen failure. Breakdown of its passive film can be seen to be partially dependent on the circumstances associated with pitting corrosion. The passive region in all cases extends up to a certain critical potential, at which the small passive current density increases rapidly indicating initiation of pitting corrosion. Once a pit nucleates, pit growth and propagation proceeds in active dissolution mode just before the transpassive region of the polarization plot. At the critical potential the passive film perforates/breaks due to chloride penetration/adsorption causing alloy dissolution [54] [55] [56] [57] [58] . Despite its remarkable resistance to localized corrosion, the passivation behaviour of MSS only tends to delay the onset of active metal dissolution; the steel eventually fails at higher corrosion rates.
3.3.
Scanning electron microscopy and energy dispersive spectroscopy
The micrographs of scanning electron microscopy and energy dispersive spectroscopy for DSS and MSS samples after the corrosion tests are shown in Figs. 6-9. Observation of Fig. 6 shows the marginal change in surface topography and morphology of the DSS sample in comparison to the control sample (Fig. 1) . The percentage nominal composition of the main alloying elements responsible for corrosion resistance has decreased slightly due to the degradation effect of the corrosive anions. This is responsible for the change in the morphology of the sample due to the of e metal ions into the acid solution. As a result there is a mild increase in the composition of the main iron substrate; however DSS maintains its passivity. The micrograph of Fig. 8 is a higher magnification of Fig. 6 where the corrosion pits are clearly visible. Energy dispersive spectroscopy of the pits shows a lower composition of the main alloying elements of DSS.
The MSS micrograph shown in Fig. 7 sharply contrasts the control sample in Fig. 2 and DSS micrograph in micrographic image confirms the results from weight loss and potentiodynamic polarization test. The micrograph of Fig. 9 shows a higher magnification of Fig. 7 , revealing the corrosion pits. Energy dispersive spectroscopy of the corrosion pits gave a lower percentage composition of the alloying elements than DSS sample indicating a more severe corrosion occurring in the corrosion pits in MSS.
In the acid test solution, anodic polarization of the sample alloys leads to selective dissolution of iron and the alloying elements causing general and pitting corrosion. The location of pits is determined by the microstructure of the alloy and the presence of flaws, inclusion and impurities. Previous research has shown have shown that the regions of pit nucleation on passive alloy surfaces is generally related to the presence of defects and nonmetallic impurities [59, 60] . The chloride ions in the solution also result in an even higher number of defects in the passive film. Within the pits, an extremely corrosive mini-environment is established, which bears little similarity to the bulk corrosive environment. Electrochemical reaction within the pit electrolyte increases in positive electrical charge in contrast to the electrolyte surrounding the pit. The positively charged pit attracts chloride ions which increases the acidity of the electrolyte. The danger of this process is the localized presence of pits which are clearly visible on MSS micrographs.
Conclusion
S32101 duplex stainless steel displayed stronger resistance to pitting and general corrosion when compared to 410 martensitic stainless steel in HCl solution due to its higher percentage composition of chromium, nickel and other alloying elements. Its surface morphology was far less corroded with fewer number of corrosion pits than the 410 martensitic steel as a result of the durability of its passive film from its higher chromium content. The martensitic steel displayed passivity behaviour during potentiodynamic polarization with unstable corrosion reaction mechanisms however its corrosion rates were significantly higher than values obtained for S32101 duplex steel which showed stable electrochemical behaviour making it suitable for application as crude distillation overhead systems.
